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Abstract
The rheological properties of milk gels made using coagulants obtained from the plants Cynara cardunculus L. and Cynara humilis
L. were compared with those of fermentation-produced chymosin, using dynamic low amplitude oscillation as well as large strain
(yield) testing. Gelation experiments were performed at 321C using skim milk powder that had been reconstituted for 2 or 16 h at
321C. The storage modulus (G0), loss tangent (tan d) at low frequency (0.002Hz) and yield stress were higher for chymosin-induced
gels than those of plant coagulants, when testedB6 h after coagulant addition. Plant coagulants were slightly more proteolytic than
chymosin, and casein hydrolysis may have resulted in lower gel firmness. Most of the rheological properties were similar for the two
plant coagulants, in agreement with their similar enzyme contents. Gelation properties were different in milk reconstituted for 2 or
16 h. This behaviour was probably due to casein hydrolysis by plasmin, as milk reconstituted for 16 h at 321C had significant levels
of degradation of both as- and b-caseins. The addition of soybean trypsin inhibitor which inhibits plasmin activity resulted in similar
gelation profiles for gels made from milk reconstituted for 16 and 2 h. r 2002 Published by Elsevier Science Ltd.
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1. Introduction
Most artisanal varieties of Portuguese cheeses (e.g.,
Serra da Estrela cheese and Serpa cheese) are produced
with coagulants extracted from the style and stigma part
of the flowers of Cynara cardunculus L. and occasionally
with those of Cynara humilis L. In this work, the term
‘‘coagulant’’ will be used as a generic designation for
milk-clotting enzymes. The coagulants of Cynara
cardunculus L. and Cynara humilis L. are, like chymosin,
aspartic proteinases. Both the plant coagulants and
chymosin have similar specificities in the cleavage sites
as they hydrolyze between hydrophobic amino acids.
The C. cardunculus L. coagulant contains two enzymes;
cardosin A and cardosin B (Esteves, Ver!ıssimo, Faro, &
Pires, 1995). Cardosin B is more proteolytic than
cardosin A. Both enzymes split the Phe105–Met106 bond
of k-casein. Kinetic parameters of cardosin A were
similar of those obtained for chymosin, and the values
for cardosin B were similar to those of pepsin, when a
synthetic peptide was used as a substrate (Ver!ıssimo,
Esteves, Faro, & Pires, 1995). In C. humilis L. the only
aspartic proteinase was a cardosin A-like enzyme
(Esteves, 1995). Although C. cardunculus L. has been
used for cheese production in Portugal for millennia,
there are only a few reports on its gelation properties
(Vieira de S!a, & Barbosa, 1972; Cordeiro, Jakob, Pais,
& Brodelius, 1992; Apodaca, Amigo, & Ramos, 1994);
the instruments used in those studies gave empirical
results only. Recently, the initial phase of gel formation
(up to B40min after coagulant addition) was investi-
gated using several mathematical models for gels
produced using C. cardunculus L., C. humilis L. and
chymosin (Esteves, Lucey, & Pires, 2001).
Reconstituted skim milk powder (SMP) has been used
often in rheological experiments on rennet gels, in order
to avoid variations in milk composition. However, the
conditions used in the reconstitution of SMP, such as
temperature and time, have varied considerably between
studies, e.g., 16 h at 301C (Zoon, van Vliet, & Walstra,
1988), 10min at 501C (Lomholt & Qvist, 1997), or 10 h
at 251C (Mellema, 2000). Our preliminary studies on the
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initial stage of gelation indicated that the rate of increase
in the stiffness of the network, as indicated by the
storage modulus (G0), was influenced by the length of
the reconstitution time for SMP (i.e., 2 or 16 h at 321C).
The endogenous milk enzyme plasmin is active at this
reconstitution temperature (321C) (Dulley, 1972). Plas-
min is a serine-like proteinase present in milk that can
hydrolyze caseins, primarily b- and as-caseins (e.g.,
Snoeren & van Riel, 1979; Visser, 1981; Grufferty &
Fox, 1988). Of the caseins, k-casein is the most resistant
to plasmin hydrolysis (Andrews & Alichanidis, 1983).
The main objective of the present work was to
characterize the rheological properties of milk gels made
using chymosin and plant coagulants up to the plateau
region in G0 values (i.e., B6 h), and their large
deformation properties at that stage. The second
objective was to study the influence of time used for
reconstitution of milk on the gelation behaviour of milk
gels made using both chymosin and plant coagulants.
2. Materials and methods
2.1. Materials
Low heat SMP was supplied by Dairy Farmers of
America (Fresno, CA 93727, USA). The plant coagu-
lants from C. cardunculus L. and C. humilis L. were
obtained from the style and stigma part of the flower.
The styles and stigmas were removed and left to dry (by
air) in the laboratory by leaving them in a dark dry
place. The styles and stigma were stored in this form
prior to extraction. The strength of the fermentation-
produced chymosin used, Maxiren DS (DSM Gist-
brocades, 2600 MA Delft, The Netherlands), was 600
International Milk Clotting Units (IMCUmL1) (IDF,
1997). Soybean trypsin inhibitor (STI), type I-S, (Lot.
30K7020) was supplied by Sigma Chemical Co.
(St Louis, MO 63178, USA).
2.2. Preparation of milk samples
SMP with a 7.05mg g1 (w/w) of undenatured whey
protein nitrogen in non-fat dry milk (Bradley et al.,
1992) was reconstituted (9%w/w) in an aqueous
solution with CaCl2 (0.1mgmL
1); NaN3
(0.2mgmL1) was added to prevent bacterial growth.
Milk was dispersed at 321C for 2 or 16 h with gentle
agitation using a magnetic stirring unit, and then left at
221C for at least 1 h before rheological experiments.
2.3. Casein hydrolysis during the SMP reconstitution
The degree of casein hydrolysis was determined by
sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) using the method of Laemmli
(1970), with the modifications described by Singh and
Creamer (1991). A Mini-Protean 3 Cell unit (Bio-Rad,
Hercules, CA 94547, USA) was used. Milk samples were
analyzed immediately after milk dissolution, and after
incubation of milk at 321C for 2 and 16 h. Gels were
stained with Coomassie Blue G-250 and analyzed by
densitometry in a Personal Densitometer SI (Molecular
Dynamics, Sunnyvale, CA, USA). The intact caseins
were quantified using the program ImageQuaNTt
Version 4 (Molecular Dynamics, Sunnyvale, CA,
USA). In order to inhibit plasmin action on caseins,
some milk samples were reconstituted in the presence of
STI a serine-type inhibitor (150 mgmL1 of milk). The
presence of STI in such concentration was enough to
inhibit casein degradation in milk stored for 15 h at
371C, the optimum temperature for plasmin activity
(Dulley, 1972).
2.4. Preparation of coagulants
The coagulants were extracted and stored according
to Esteves et al. (2001). The quantity of protein used in
coagulation assays was 0.025 and 0.013mgmL1 of
milk, for extracts from C. cardunculus L. and C. humilis
L., respectively. Before comparing the gelation proper-
ties of C. cardunculus L., C. humilis L. and chymosin, the
same gelation time (tg; B18min) was selected for all
three coagulants, using milk reconstituted for 16 h as the
standard. The amounts of each coagulant necessary to
obtain a tg of B18min for milk reconstituted for 16 h
were also used for milk reconstituted for 2 h.
2.5. Protein quantification
The protein contents of extracts from C. cardunculus
L. and C. humilis L. were determined by the Bradford
method (Bradford, 1976) using the Bio-Rad Protein
Assay (Bio-Rad, Hercules, CA 94547, USA).
2.6. Rheological assays
Milk gels are viscoelastic and their small deformation
rheological properties can be determined by low
amplitude dynamic oscillation (Zoon et al., 1988). A
Universal Dynamic Spectrometer, Paar Physica UDS
200 (Physica Messtechnik GmbH, D-70567, Stuttgart,
Germany) was used. The measuring geometry (MK 25)
consisted of a cone (diam. 7.5mm and 21 angle) and a
plate. Individual gelation assays were performed for a
short time (36min) and measurements were taken every
2min. Extended gelation assays were followed for B6 h
with measurements taken every 30min. Before starting
the experiments, milk was equilibrated for 15min at the
assay temperature (321C); 25.5 mL of previously diluted
enzyme was then added to 4.25mL of milk, which
was mixed thoroughly and the mixture immediately
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transferred to the plate of the rheometer. The exposed
edge of the cone and plate geometry was covered with
vegetable oil to prevent dehydration of the sample. In
the gelation experiments, samples were oscillated at a
frequency of 0.1Hz and the strain applied was 0.03,
which is within the linear viscoelastic region for rennet
gels (Zoon et al., 1988). In the present work, gelation
time was considered (arbitrarily) as the time necessary
for the gel to reach a G0 value of 0.5 Pa. The effect of the
time-scale of deformation on the rheological properties
was determined by a frequency sweep B6 h after the
addition of coagulant; frequency was varied from
0.002–1Hz.
The large deformation properties were studied B6 h
after addition of coagulant. Gels were subjected
to a constant shear rate of B0.01 s1, up to yielding of
the gel. The apparent yield stress and shear deformation
at yielding were defined as the point when the shear
stress started to decrease (Lucey, Teo, Munro, &
Singh, 1997).
2.7. Statistical analysis
One-way ANOVA was used to analyze the results
of casein hydrolysis during milk reconstitution.
Two-Way ANOVA was applied to the loss tangent or
tan d ð¼ G00=G0Þ results at 0.002Hz, as well as the
apparent stress and shear deformation at yielding.
The results of G0 as a function of time, as well as G0
and tan d as a function of frequency were analyzed
using the mixed model procedure. A mixed linear model
is a generalization of the standard linear model
used in the GLM procedure, the generalization being
that the data are permitted to exhibit correlation and
nonconstant variability. Least-squares means (LS-
means), estimating the marginal means over a balanced
population (Searle, Speed, & Milliken, 1980) were
compared using the Tukey-Kramer procedure. LS-
means are to unbalanced designs what means are to
balanced designs. Significance was indicated by po0:05:
Each experiment was repeated at least four times. All
statistical analyses were conducted using the SAS
program (SAS, 1999).
3. Results
3.1. Casein hydrolysis during milk reconstitution
When milk was dispersed for 16 h at 321C, the amount
of intact as-casein was reduced by B9% (po0:002) and
b-casein was reduced by B13% (po0:0009). For milk
reconstituted for 2 h, no casein degradation was
detected.
3.2. Gelation and small deformation rheological
properties
The gelation profiles (G0 as a function of time) for
chymosin and plant coagulants are shown in Fig. 1a and
b. The gelation times for all coagulants, using milk
reconstituted for 16 h, were identical (B18min). The
general pattern of gelation curves was similar for
chymosin and plant coagulants, although some differ-
ences were observed. During the first 2 h of the assay all
coagulants had similar G0 values, except for the
chymosin curve for milk reconstituted for 2 h. In those
particular experiments (Fig. 1b), B1 h after coagulant
addition, chymosin had the lowest G0 values of all
coagulants (po0:04). Thereafter, it had the fastest rate































































Fig. 1. Storage modulus (G0) as a function of time for skim milk gels
made at 321C. Gels were followed for (a) B40min and (b) B6 h after
coagulant addition. Gelation was induced by the coagulants from
C. cardunculus L. for milk reconstituted for 2 (’) and 16 h (&),
C. humilis L. for milk reconstituted for 2 (m) and 16 h (n) or chymosin
for milk reconstituted for 2 (K) and 16 h (J) at 321C. Time zero
corresponds to addition of coagulant to milk. Values are means (nX4)
with standard deviations vertical bars for the last data points.
C.L.C. Esteves et al. / International Dairy Journal 12 (2002) 427–434 429
curves, and by the end of the assay (B6 h) it had the
highest G0 value (Table 1). G0 values for chymosin were
higher than those obtained for plant coagulantsB2 and
B4.5 h after addition of coagulant, for milk reconsti-
tuted for 16 and 2 h, respectively (po0:008). No
significant differences were obtained between the G0
values of C. cardunculus L. and C. humilis L. gels made
from milk reconstituted for 16 h. A similar trend
between plant coagulants was found for milk recon-
stituted for 2 h (Table 1). For plant coagulants, G0
tended to plateau B2.5 and B3 h after the addition of
coagulant to milk reconstituted for 16 and 2 h,
respectively. In the case of chymosin, the gelation curves
reached a plateau B2 h later than plant coagulants. At
the end of the experiments (B6 h) G0 values obtained for
plant coagulants were lower than those for chymosin
(po0:0005). For plant coagulants, milk reconstituted
for 2 h had higher plateau values for G0 than milk
reconstituted for 16 h (po0:03) and no significant
differences were obtained with chymosin gels. In
experiments where milk was reconstituted for 2 or 16 h
in the presence of STI, the resulting curves were similar
to those obtained with milk reconstituted for 2 h in the
absence of STI (Fig. 2). This trend applied to all
coagulants.
The effect of time-scale of applied deformation on
rheological properties was determined by a frequency
sweep B6 h after coagulant addition. G0 values in-
creased with frequency and the same trends were
obtained for all coagulants and milk reconstitution
times (Fig. 3). Chymosin showed higher G0 values than
plant coagulants at frequencies above 0.03Hz when
using milk reconstituted for 2 h (po0:02). For milk
reconstituted for 16 h, G0 values for chymosin were
higher than the G0 values for plant coagulants at
frequencies X0.1Hz (po0:003). At lower frequencies
no significant differences were observed. Plotting log G0
vs. log frequency yielded straight lines (R2X0:98). The
slope for all gels varied from B0.23 to B0.26. For all
coagulants, there was an increase of tan d with decreas-
ing frequency (Fig. 4; po0:0001), in agreement with the
results of Zoon et al. (1988). At low frequency
(0.002Hz), regardless of the time to dissolve SMP,
tan d values for chymosin were higher than those of
plant coagulants (po0:0001). Tan d values for C. humilis
L. gels were significantly higher than those of C.
cardunculus L. for frequencies lower than 0.1Hz, when
milk was reconstituted for 16 h (po0:05).
3.3. Large deformation rheological properties
The large deformation properties of gels were studied
by subjecting the ‘‘set’’ gels (B6 h after coagulant
addition) to a constant shear rate (0.01 s1), up to gel
yield or fracture. The shear stress at yielding was higher
for chymosin than plant coagulants (po0:0001), for
milk reconstituted for 2 or 16 h (Fig. 5; Table 2). No
differences were seen between plant coagulants. The
shear strain at yield was similar for all coagulants except
for chymosin when milk was dissolved for 16 h, when it
was higher than the other gels (po0:005).
4. Discussion
All milk gels showed a slow rate of increase in G0;
taking many hours to plateau (Fig. 1a and b) although
G0 continued to increase slightly, which suggests that
there may be repulsive barriers slowing down further
aggregation and particle fusion. In milk reconstituted
for 2 h, no casein degradation was detected during the
reconstitution period and these gels had a slower rate of
increase in G0 compared to milk reconstituted for 16 h,
where casein degradation was clearly evident (Table 1).
Plasmin action on caseins probably changes the physico-
chemical properties of micelles, namely, molecular
weight, three-dimensional structure, hydrophobicity
and charge, and this may reduce the repulsive barriers
Table 1
Effect of coagulant type on small deformation rheological properties of milk gels determined B6 h after coagulant addition, for two different milk
reconstitution periods
Coagulant type
Cynara cardunculus L. Cynara humilis L. Chymosin
Time used for reconstitution of milk at 321C
2h 16 h 2 h 16 h 2 h 16 h
G0 (Pa)n 65.7b 56.9c 64.7b 57.2c 78.9a 73.9a
Slope of log G0 vs. log frequency curvenn 0.236 0.237 0.228 0.242 0.245 0.257
tan d at 0.002Hzn 0.481e,g 0.489e,f 0.491d,f,g 0.500d 0.548h 0.528i
nValues are LS-means from replicates (nX4).
nnValues are means from replicates (nX4).
a,b,cLS-means in the row, with different superscripts, are different (po0:007).
d–iLS-means in the row, with different superscripts, are different (po0:0001).
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to aggregation and fusion and help accelerate rearrange-
ment processes. As rennet-induced gels are dynamic
structures, they evolve with time due to rearrangements
in the network structure (van Vliet, 2000). Conse-
quently, the size of aggregates and number of bonds
between aggregates increase, and partial fusion of
aggregates also occurs (Bremer, van Vliet, & Walstra,
1989). In the initial stages of the gelation process, casein
molecules that have been partially hydrolyzed by
plasmin, may adopt a more flexible conformation,
which would help in the development of gel strength
and assist with faster rearrangements of the network
structure. An increase in number and strength of bonds
between adjacent aggregates should result in a faster
rate of increase in G0 (Fig. 1a), at least initially. When
gel properties were studied over a long time-scale, G0
values were lower for milk reconstituted for 16 h than
for milk reconstituted for 2 h (Table 1). During gel
formation (studied for B6 h at 321C) it is possible that
caseins will be further hydrolyzed by plasmin. The
activity of plasmin itself, or in combination with
coagulant, probably leads to the formation of small
peptide fragments that do not form part of the gel
matrix, as plasmin activity is known to increase protein
losses in the whey during cheese-making. In the case of
b-casein, the action of plasmin is complementary to that
of coagulants that split peptide bonds in the hydro-
phobic C-terminal (Fox, Singh, & McSweeney, 1994;




































Fig. 2. Storage modulus (G0) as a function of time for skim milk gels
made at 321C. Milk was reconstituted in the presence of STI for 2 (m)
and 16 h (n), and in the absence of STI for 2 (’) and 16 h (&).
Gelation was induced by the coagulants from (a) C. cardunculus L., (b)
C. humilis L., or (c) by chymosin. Gels were followed for B6 h after
coagulant addition. Time zero corresponds to addition of coagulant to
milk. Values are means (nX4) in the standard deviations (vertical bars)


























Fig. 3. Storage modulus (G0) as a function of frequency for skim milk
gelled for B6 h at 321C. Milk was reconstituted for (a) 2 and (b) 16 h.
Gelation was induced by the coagulants from C. cardunculus L. ( ),
C. humilis L. (m) or by chymosin (K). Values are means (nX4) with
standard deviations (vertical bars) for each data point.
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amount of intact casein, which is the gel-forming protein
in milk gels, was probably responsible for the lower
plateau values for G0 in gels made from milk recon-
stituted for 16 h compared to milk reconstituted for 2 h.
Indeed, when the plasmin inhibitor, STI, was added to
milk, the pattern of gelation using milk reconstituted for
16 h was similar to that of milk reconstituted for 2 h
(Fig. 2).
During the initial stages of gelation, chymosin-
induced gels made using milk reconstituted for 2 h
tended to have a slower rate of increase in stiffness than
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Fig. 4. Loss tangent (tan d) as a function of frequency for skim milk
gelled for B6 h at 321C. Milk was reconstituted for (a) 2 and (b) 16 h.
Gelation was induced by the coagulants from C. cardunculus L. ( ),
C. humilis L. (m) or by chymosin (K). Values are means (nX4) with
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Fig. 5. Shear stress (s) as a function of applied deformation (g) at a
constant shear rate (0.01 s1) for skim milk that was gelled forB6 h at
321C. Milk was reconstituted for (a) 2 and (b) 16 h. Gelation was
induced by the coagulants from C. cardunculus L. ( ), C. humilis L.
(m) or by chymosin (K). Values are means (nX4). Vertical and
horizontal bars are standard deviations of last data points for strain
and shear stress, respectively.
Table 2
Effect of coagulant type on large deformation rheological properties of milk gels determined B6 h after coagulant addition, for two different milk
reconstitution periods
Coagulant type
Cynara cardunculus L. Cynara humilis L. Chymosin
Time used for reconstitution of milk at 321C
Yield properties 2 h 16 h 2 h 16 h 2 h 16 h
Apparent yield stress (Pa)n 45.2a 41.8a 44.2a 42.0a 50.9b 54.6b
Apparent yield strainn 0.96c 0.98c 0.99c 0.99c 0.97c 1.17d
nValues are LS-means from replicates (nX4); apparent fracture stress and shear deformation at yield were defined as the point when the shear
stress started to decrease.
a,bLS-means in the row, with different superscripts, are different (po0:0008).
c,dLS-means in the row, with different superscripts, are different (po0:003).
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trend was reported by Esteves et al. (2001) for these
coagulants, even though those samples had a shorter
coagulation time (B11min). This behaviour was attrib-
uted by these authors as being due to slight differences
in specificity and proteolytic activity of plant coagulants
on caseins (Esteves et al., 1995; Macedo et al., 1996).
The same argument can be used to explain why plateau
values for the G0 of chymosin gels were significantly
higher than both plant coagulants (Fig. 1b). No
significant differences were detected in G0 values
between C. cardunculus L. and C. humilis L. during the
6 h gelation period. However, at low frequencies, tan d
values were higher for C. humilis L. gels than for C.
cardunculus L, when milk was reconstituted for 16 h
(Table 1). These two plant coagulants have a common
proteinase, cardosin A, but C. cardunculus L. also has
cardosin B, an enzyme not found in C. humilis L.
(Esteves, 1995) that is more proteolytic than cardosin A.
For all coagulants, there was an increase in tan d with
decreasing frequency (Fig. 4); the same trend was
reported for milk gels made with calf rennet (Zoon
et al., 1988; van Vliet, van Dijk, Zoon, & Walstra, 1991).
At low frequency (0.002Hz) all coagulants exhibited
high values of tan d ð> 0:4Þ which indicates an increased
susceptibility of the protein-protein bonds to relax at
long time-scales and, therefore, indicates a greater
susceptibility of coagulant-induced gels to undergo
syneresis and rearrangements (van Vliet et al., 1991).
A higher degree of rearrangements in gels made with
plant coagulants could have caused the lower G0
compared with chymosin-induced gels. Apparent yield
stress values were significantly higher for chymosin
compared to both plant coagulants (Table 2), a result
that was in agreement with the trends for G0 and
suggests that chymosin gels were firmer and stiffer than
plant-induced gels. These attributes may influence their
cheese-making properties, although the differences were
relatively small.
5. Conclusions
The trends in rheological properties of coagulant-
induced gels produced with chymosin, C. cardunculus L.
and C. humilis L. were generally similar. However,
because there were differences in specificity and proteo-
lytic activity of chymosin and Cynara sp. coagulants,
significant differences in experimental results were
detected in some rheological tests. Between plant
coagulants, minor differences could be observed in the
tan d behaviour, probably due to the additional enzy-
matic activity in the coagulant of C. cardunculus L.
The action of the endogenous enzyme, plasmin,
against caseins during the SMP reconstitution proce-
dure, appeared to influence milk gelation properties; this
important observation should lead to standardization of
milk reconstitution procedures in future rheological
studies of rennet-induced gels.
It was also demonstrated that rheological properties
are a powerful tool in examining the impact of
enzymatic hydrolysis or changes in enzymatic specificity
on functional properties of milk proteins.
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